In peripheral tissues circadian gene expression can be driven either by local oscillators or by cyclic systemic cues controlled by the master clock in the brain's suprachiasmatic nucleus. In the latter case, systemic signals can activate immediate early transcription factors (IETFs) and thereby control rhythmic transcription. In order to identify IETFs induced by diurnal blood-borne signals, we developed an unbiased experimental strategy, dubbed Synthetic TAndem Repeat PROMoter (STAR-PROM) screening. This technique relies on the observation that most transcription factor binding sites exist at a relatively high frequency in random DNA sequences. Using STAR-PROM we identified serum response factor (SRF) as an IETF responding to oscillating signaling proteins present in human and rodent sera. Our data suggest that in mouse liver SRF is regulated via dramatic diurnal changes of actin dynamics, leading to the rhythmic translocation of the SRF coactivator Myocardin-related transcription factor-B (MRTF-B) into the nucleus.
INTRODUCTION
The mammalian circadian system is organized in a hierarchical network comprising a master pacemaker located in the brain's suprachiasmatic nuclei (SCN) and peripheral oscillators in virtually all cells (Dibner et al., 2010; Lowrey and Takahashi, 2011) . The SCN must periodically synchronize the peripheral clocks in order to maintain phase coherence within and between the different organs (Guo et al., 2005; Yoo et al., 2004) . It does so by driving feeding-fasting cycles (Damiola et al., 2000; Stokkan et al., 2001) , hormone rhythms (Balsalobre et al., 2000; Reddy et al., 2007) , body temperature oscillations (Buhr et al., 2010; Saini et al., 2012) , and neuronal outputs (Vujovic et al., 2008) .
In peripheral organs, circadian gene expression can be governed either by local oscillators or by systemic cues controlled by the SCN pacemaker (Kornmann et al., 2007a) . Systemic signals are likely to be sensed by signal receptors, resulting in the activation of immediate early transcription factors (IETFs). Since the stimulation of such IETFs is not accompanied by changes in the levels of the messenger RNAs (mRNAs) encoding them, they escape identification by transcriptome profiling or, if regulated at a step downstream of DNA binding, by differential display of DNA-binding proteins (DDDP) (Reinke et al., 2008) .
Ideally, a screening procedure for signal-induced transcriptional regulators should not depend on the molecular mechanisms governing their activation. We designed a luciferase reporter system, dubbed Synthetic TAndem Repeat PROMoter screening (STAR-PROM), that fulfills this criterion. We then used STAR-PROM for the unbiased search for IETFs whose activity is regulated by oscillating blood-borne signals and identified Serum Response Factor (SRF) as an IETF activated in a diurnal manner by temporally staged plasmas (or sera) from humans, rats, and mice. Our study indicates that the diurnal activation of SRF is governed by the modulation of the actin-myocardin-related transcription factor (MRTF) pathway (Olson and Nordheim, 2010; Posern and Treisman, 2006) and demonstrates that in mouse liver the phase of actin polymerization and organization resonates with the phases of MRTF-B nuclear translocation and transcription of a subset of SRF target genes, including the core clock gene Per2.
RESULTS

STAR-PROM Display of Immediate Early Transcription Factors
We designed a strategy, dubbed STAR-PROM screening, aimed at the unbiased identification of transcriptional regulators whose activity is governed by diurnal blood-borne signaling factors. It involved the construction of a library of luciferase reporter genes with synthetic promoters covering binding sites even for transcription factors (TFs) with unknown DNA-binding specificity. DNA consensus binding sequences for TFs generally encompass between 7 and 12 base pairs that usually tolerate several mismatches, and the statistical frequency (F 0-n ) of such sequences in random double-stranded DNA is thus relatively high ( Figure S1A , available online; see also Reinke et al. [2008] ). We were thus confident that by screening about 55,000 bp of synthetic random DNA we should recover binding sequences for a large fraction of TFs present in the cell line used for screening (Figures S1A-S1C).
As minimal promoters composed of one or two binding sites for a given transcription factor are only weakly responsive to stimulation of the relevant signaling pathways (Kotarsky et al., 2001; Mader and White, 1993) , we examined the impact of cAMP-response element (CRE) copy number on the transcriptional response of a luciferase reporter gene to rat serum in Rat-1 fibroblasts. We generated tandem repeats of 84 bp encompassing the CRE element (5 0 -TGACGTC-3 0 ) by using rolling-circle amplification (see below). The length of 84 bp (multiple of a DNA helix turn length of 10.5 bp) was chosen since it might facilitate the cooperative binding of transcription factors. Multimers from 1 to 15 repeats were gelpurified and inserted upstream of a minimal promoter driving the expression of a firefly luciferase ( Figure 1A ). The different constructions were transfected into Rat-1 cells and subjected to 5% rat serum after incubation in a serum-free medium for 24 hr. Robust inductions of luciferase expression were observed only for synthetic promoters containing at least five repeats of the CRE element ( Figures 1B and 1C) , and hence we decided to build STAR-PROM promoters with 5 to 12 repeats.
In order to generate a library of random DNA tandem repeats, we employed rolling circle amplification (RCA) (Wang et al., 2005) . To this end, we circularized a pool of synthetic, singlestranded 84 nt DNA fragments (C-oligos), each including 68 nt of a random sequence flanked on both sides by 8 nt of universal sequences ( Figure 1D ). Circularization was achieved by hybridization with a splint oligonucleotide ( Figure 1E ), and the resulting single-stranded circles (ssCircles) were freed from linear DNA by an exonuclease treatment ( Figure 1E ). ssCircles were then used as templates for RCA with the Bst DNA polymerase ( Figure 1F ). Double-stranded concatemers encompassing 5 to 12 repeats were gelpurified and inserted into luciferase reporter plasmids upstream of a minimal promoter. A STAR-PROM library was established by preparing 850 plasmids representing a total of 57,800 bp of random DNA as tandemly repeated promoter elements.
Identification of STAR-PROM Plasmids Induced by Diurnally Active Blood-Borne Factors
To define the kinetics of a typical immediate early response, we recorded the serum response of a luciferase gene driven by the (D) STAR-PROM library C-oligos were generated by synthesizing a population of 84 nt single-stranded DNA fragments with a random core sequence containing each of the four bases (N) at 68 positions, flanked on both sides by 8 nt of universal sequences.
(E) C-oligos were self-circularized by hybridization with a splint oligo complementary to C-oligos universal sequences and were then purified.
(F) Tandem repeats of ssCircles were generated by RCA. Note that RCA products were only obtained when all components were present in the reaction. Tandem repeats with 5 to 12 repetitions were inserted into a luciferase reporter plasmid upstream of a minimal promoter (TATA). See also Figure S1 .
promoter of c-Fos, an extensively characterized immediate early gene (Cochran, 1993) . Rat-1 cells, transfected with a rat c-Fos promoter reporter plasmid and stimulated with 5% rat serum, displayed a time for half-maximal induction (t 1/2 ) of 3.33 hr (Figure S2A) . Hence, we considered a t 1/2 of less than 4 hr as a criterion for an immediate early response that probably involves the activation of a transcription factor already present before stimulation.
In the initial screen we used a pool of human plasma samples collected every 3 hr around the clock from four healthy male subjects to ensure that inducible promoters induced by diurnal signals would not be missed. Each STAR-PROM clone was transfected in duplicates into human U2OS cells. After a period of 24 hr serum starvation, transfected cells were exposed to 5% plasma or phosphate-buffered saline (negative control), and bioluminescence was recorded in real time for 2 additional days. As expected, most of the 837 STAR-PROM clones were insensitive to serum stimulation (Figures 2A and 2D ). However, 49 plasmids exhibited an immediate early response ( Figures  2B, 2D , and S2B and Table S2 ) and nine clones ( Figure 2D ) displayed circadian oscillations that were phase shifted upon plasma addition ( Figure 2C ). Since our screen was performed with U2OS cells, we could obviously only identify components of signaling pathways that are expressed in this cell line.
The secondary screen was aimed at the identification of diurnally inducible synthetic promoters. To this end, we transfected STAR-PROM plasmids that were plasma responsive in the first screen into U2OS cells and exposed the cells to human plasma samples harvested at three time points during the day (8 a.m., 5 p.m., and 11 p.m.). The expression of most of these plasmids was induced to the same extent by temporally staged plasma samples ( Figure S3A ). Nevertheless, we identified nine STAR-PROM plasmids whose promoters were differentially stimulated by plasma samples collected at different time points (Table S2) , with at least a 1.5-fold difference between samples. We also stimulated the cells expressing these plasmids with temporally staged rat sera. Only clone 41 yielded a smooth diurnal induction profile with a nearly inverted phase compared to that obtained with human plasmas. This suggested that the accumulation or activity of the involved signaling factor was antiphasic in diurnal and nocturnal animals like humans and rats, respectively (Figure S3B) , and we therefore focused our further analysis on Figure S2 ), and 9 (1%) circadian clones (C) (i.e., plasmids whose expression oscillated with a period length close to 24 hr after serum stimulation). Most of the clones (93%) were not responsive to serum (A). In (A)-(C), bioluminescence profiles of representative examples of each category are shown. Solid black lines indicate cells stimulated by the addition of 5% human plasma, dashed gray lines specify cells stimulated with 5% PBS, and red triangles show the time when plasma was added. (E and F) Secondary screen with temporally staged human plasmas and rat sera revealed a clone whose stimulation is diurnal and antiphasic with human and rat samples (see also Figure S3 ). Table S2. STAR-PROM plasmid 41. Importantly, the approximately 2-fold diurnal amplitude in plasma or serum stimulation of clone 41 was not specific to U2OS cells, but was also observed in Rat-1 fibroblasts ( Figure S3C-S3E) .
To investigate the induction profiles with human plasmas and rat sera in greater detail, we used the Flp recombination system to establish a stable isogenic NIH-3t3 cell line (dubbed 41-3t3) expressing a single copy of a luciferase transgene driven by the synthetic promoter of clone 41. In this transgene, the normal firefly luciferase was replaced by a highly destabilized luciferase (Suter et al., 2011) , thereby allowing for a higher temporal resolution of induction profiles. As expected, these cells displayed a characteristic immediate early response to serum addition even in the absence of protein synthesis (Figures S2C and S2D) . Moreover, in contrast to what was observed in transiently transfected cells, the baseline of bioluminescence before and after serum stimulation was very stable in 41-3t3 cells (Figures S3G and S3H) . Induction profiles with rat serum and human plasma samples collected at 4 hr and 3 hr intervals, respectively, were finally generated with 2.5% serum/plasma concentrations (Figures 2E, 2F, and S3G-S3J) (see dose-response curves of this cell line in Figure S3F ). As expected from the transient transfections of U2OS and Rat-1 cells ( Figure S3E ), the responses of 41-3t3 cells to rat sera and human plasmas from subjects S2, S3, and S4 were maximal at ZT0 to ZT20 ( Figure 2E ) and 5 p.m. to 8 p.m. (Figure 2F ), respectively. Interestingly, the induction profile for human subject S1 exhibited a phase delay when compared to subjects S2, S3, and S4. Given the known interindividual variability of circadian parameters in human subjects (Roenneberg et al., 2007) , this phase difference is perhaps not surprising.
SRF Is the Immediate-Early Transcription Factor Responsible for the Diurnal Induction Profile of STAR-PROM Plasmid 41
Sequencing of the synthetic promoter of plasmid 41 revealed the presence of eight repeats of 84 bp harboring a perfect SRF binding site (5 0 -CCATATTAGG-3 0 ), known as CArG box (Miano, 2003) ( Figure 2G ). To examine whether SRF was indeed responsible for the serum stimulation of clone 41, we determined the amplitude of the serum response in SRF-depleted cells. The STAR-PROM 41 reporter plasmid was cotransfected into U2OS cells with either a pool of four irrelevant small interfering RNAs (siRNAs) or a pool of four siRNAs targeting Srf coding sequences. As shown in Figure 2H , Srf mRNA accumulation was diminished to less than 10% by RNA interference, and this resulted in an almost complete abolishment of serum induction at all examined time points ( Figure 2I ) of serum collection.
We also performed a preliminary characterization of the chemical nature of the oscillating blood-borne signal. Extensive dialysis of rat serum and human plasma prior to the stimulation of 41-3t3 cells did not affect the induction power of the serum/ plasma constituents, and delipidation by organic solvents even increased SRF stimulation slightly ( Figure 3A) , without affecting the amplitude of induction profile of these cells ( Figure 3B ). In contrast, a heat treatment at 95 C for 5 min dramatically reduced the induction power of both rat sera and human plasma, suggesting that the signal of interest might be a polypeptide. This conjecture was supported by additional experiments. Thus, about two-thirds of the inducing signal was precipitated in a 40% saturated ammonium sulfate solution and the remaining third by a subsequent increase of the ammonium sulfate concentration to 60% saturation ( Figures 3C and 3D) . Moreover, as shown in Figures 3E and 3F , trypsin digestion reduced the induction power of sera to about 20% ( Figure 3F) , similar to what has been observed for the heat treatment. As shown in Figure 3G , most of the inducing activity migrated between 50 and 75 kDa on a blue native polyacrylamide gel. The serum albumin present in this fraction was unlikely to account for SRF stimulation by itself, since an amount of bovine serum albumin (BSA) approximately equivalent to that found in 5% fetal calf serum (FCS) was unable to induce SRF activity in the 41-3t3 cell line ( Figure 3H ).
Actin-MRTF Signaling Elicits Circadian SRF Activation in Response to Diurnal Blood-Borne Proteins
In fibroblasts, two major SRF-dependent signaling pathways have been described (Gineitis and Treisman, 2001 ). The first is induced by mitogenic signals and involves the activation of Ras-type guanosine triphosphatases (GTPases), which leads to the phosphorylation of ternary complex factors (TCFs) by extracellular regulated kinases (ERKs). TCFs and SRF bind cooperatively to composite DNA elements encompassing recognition sequences for E-twenty-six (Ets) transcription factors and SRF and thereby enhance the transcription of SRF/TCF target genes. The second pathway involves Rho family GTPases, actin dynamics, and the SRF coactivators MRTFs. In this pathway, activation of Rho promotes F-actin assembly, leading to depletion of G-actin. This elicits the stimulation of SRF target genes, since G-actin sequesters MRTFs to the cytoplasm (Posern and Treisman, 2006) . The promoter of the STAR-PROM plasmid 41 does not contain composite Ets-SRF sites, and we thus expected that the Rho/actin/MRTF pathway was responsible for its activation by serum. We investigated this conjecture by using drugs that discriminate between the Ras and Rho pathways. Latrunculin B (LatB), which inhibits actin polymerization and MRTF-dependent gene activation, completely abrogated the serum induction of luciferase activity in 3t3-41 cells ( Figures  4A, 4B , and S4C). In contrast, cytochalasin D (CytoD), which disrupts MRTF-G-actin interaction (Miralles et al., 2003; Vartiainen et al., 2007) , strongly induced the expression of luciferase in this cell line ( Figures 4A and S4E ). While the MAP kinase inhibitor U0126 blunted the serum response to about 50% of that observed in nontreated cells ( Figures 4A and S4A) , it reduced the amplitude of the diurnal induction profile only slightly (Figure 4B) . We noticed that CytoD was also able to trigger CREreporter gene activation ( Figure S4F ). In contrast, LatB had no effect on the serum activation of cAMP response elementbinding protein (CREB), and U0126 abolished this response ( Figures S4B and S4D ). Among the tested drugs, only LatB dampened the amplitude of the diurnal induction profile dramatically, and we thus concluded that the synthetic promoter of STAR-PROM plasmid 41 was regulated by actin dynamics.
As SRF responds to changes in actin dynamics via the recruitment of the coactivators MRTF-A and MRTF-B (Posern and Treisman, 2006) , we monitored the activity of reporter plasmid 41 in U2OS cells depleted for MRTF-A, MRTF-B, or both.
MRTF-A SMART Pool siRNAs reduced MRTF-A mRNA levels to 14% of those observed with control siRNAs ( Figure 4C ), but also decreased MRTF-B mRNA levels to 63% of control values (Figure 4D) . MRTF-B SMART Pool siRNA diminished MRTF-B levels to 24% ( Figure 4D ) and did not have a significant impact on MRTF-A mRNA accumulation ( Figure 4C) . Nevertheless, the siRNAs targeting MRTF-B mRNA had a much more dramatic effect on the serum induction of the plasmid 41 than the siRNAs targeting MRTF-A mRNA ( Figures 4E and 4F ). All in all, our results suggested that cyclic blood-borne polypeptide(s) regulated the activity of SRF via actin dynamics and MRTF coactivators and that, at least in U2OS cells, MRTF-B played a more important role than MRTF-A in this signaling pathway.
Actin Dynamics and Nuclear Translocation of MRTF-B Are Circadian in Mouse Liver
To examine whether the SRF pathway is cyclically regulated in vivo, we analyzed MRTF protein accumulation in liver nuclei prepared at 4 hr intervals around the clock. MRTF-A did not yield a detectable signal with the commercial antibody used, but MRTF-B displayed a robustly circadian nuclear expression profile with amplitudes from two-to five-fold ( Figures 5A, 5B , S5E, and S5F). Importantly, the phase of nuclear MRTF-B accumulation was similar to that observed for the induction profiles obtained with 41-3t3 reporter cells and temporally staged sera from rats ( Figures 2E and 2I ) and mice (data not shown). In contrast to MRTF-B, SRF accumulated at invariable levels throughout the day in liver nuclei ( Figures 5A and 5B) . The circadian MRTF-B nuclear accumulation profile was not the result of diurnal mRNA expression, as Mrtfb mRNA, similar to Mrtfa and Srf mRNA, was expressed at constant levels throughout the day (Figures S5A-S5C ). As expected, the expression of Per2 mRNA oscillated with a robust daily amplitude in the livers of these mice ( Figure S5D ).
To test whether actin dynamics is also under diurnal control, we determined G-actin and F-actin in livers from mice sacrificed at 4 hr intervals around the clock (see Experimental Procedures and Figure 5C ). As shown in Figures 5D and 5E , we observed strong diurnal variations in both G-and F-actin in this tissue. When MRTF-B was found to be mainly nuclear (ZT0), 67% of liver actin was present in polymerized F-actin. In contrast, when MRTF-B was excluded from the nucleus (ZT12), only 33% of the total actin was found to be in F-actin (compare Figures 5B,  5D , and 5E). As depicted in Figure 5D , total actin content remained invariable throughout the day. Importantly, the diurnal (F) Induction of 41-3t3 cells with RS collected at ZT8 (in black) and ZT20 (in gray) and treated as described in (D). The data are represented as the average inductions obtained with three RS ± SD per condition and were normalized to those obtained with untreated RS collected at ZT20 (Ctl).
(G) Size fractionation of crude rat sera samples by blue-native gel electrophoresis followed by the analysis of 41-3t3 cell stimulation with proteins extracted from five gel slices (1-5). Ctl indicates the value obtained with an extract from a polyacrylamide slice excised from the gel below the migration front. Data represent average fold inductions ± SD of three independent fractionations. (H) Relative induction ± SD of 41-3t3 cells with 5% FCS, which contains between 35 and 50 mg/ml BSA according to the supplier (Sigma) or an approximately equivalent amount of BSA (2 mg/ml cell culture medium).
profile of F-actin polymerization in liver was in phase with the induction profile of SRF in response to rat sera harvested around the clock ( Figure 2E ). Large differences in cytoplasmic F-actin abundance and structure were also revealed by phalloidin-staining of histological sections prepared from livers ( Figures 6A-6C ) and spleen ( Figures S6A-S6C ) at ZT0 and ZT12. Moreover, as shown in Figures 6A and 6D , liver cells were considerably larger at ZT0 than at ZT12. However, the diurnal oscillations of liver cell volume may involve other parameters, such as daily changes in glycogen accumulation and water content.
Per2 Is an MRTF-SRF Target Gene Serum stimulation of cultured fibroblasts resets the phase of their circadian clocks, presumably by activating the expression of Per1 and Per2 (Balsalobre et al., 2000; Reddy et al., 2007) . Analysis of SRF target genes in fibroblasts by genome-wide SRF ChIP-seq in NIH-3t3 cells revealed that the core clock genes Per1 and Per2 contain binding sites for TCF-SRF and MRTFs-SRF, respectively (Esnault and Treisman, unpublished data). Moreover, ChIP-seq analysis confirmed that a significant fraction of the system-driven rhythmic genes identified previously in liver (Kornmann et al., 2007b) recruit MRTF-A/B and SRF in fibroblasts. These include Stip1, Actg1, Atf3, Calcoco1, Camk1d, Camk2b, Ccrn4l, Cirbp, Enpp3, Errfi1, Insig2, Lss, Per2, Rnf24, Syt1, and Ctgf (Esnault and Treisman, unpublished data) . We evaluated the daytime-dependent binding of MRTFs and SRF to their cognate DNA elements within some SRF target genes in the liver. Whereas SRF was constitutively bound to these cis-acting elements ( Figure S7A ), MRTF-B bound these DNA elements rhythmically ( Figure 7A) , with a phase compatible with that of nuclear MRTF-B accumulation ( Figures  5A and 5B) and F-actin formation ( Figures 5D and 5E ). In contrast to what we observed for these sites, only background levels of MRTF-B were detected at SRF binding sites of c-Fos or Per1, which recruit TCF rather than MRTFs (Gineitis and Treisman, 2001; Miralles et al., 2003; and Esnault and Treisman unpublished data) . In mouse liver, diurnal Actg1 mRNA accumulation displayed the same phase as MRTF-B occupancy. However, the phases of cyclic Per2 and Errfi1 mRNA expression patterns were advanced by about 4 hr and were nearly antiphasic to MRTF-B binding, respectively. Hence, at least for the diurnal transcription of these two genes, additional mechanisms must be involved. Likewise, target genes of the core clock transcription factor BMAL1 are expressed with widely different phases (Rey et al., 2011) .
The analysis of RNA prepared at 20 min intervals after serum addition revealed that the induction of Per2 mRNA accumulation by serum was significantly reduced in SRF-depleted Rat-1 cells ( Figures 7C and S7E ), in spite of the less than three-fold reduction of Srf mRNA by siRNAs in these cells ( Figure 7D ). As expected, the stimulation of the SRF-independent gene c-Jun (Han et al., 1992) was not affected by SRF siRNAs ( Figure S7C) . Surprisingly, Per1 mRNA was upregulated before and during serum stimulation in the absence of SRF ( Figure S7D ), suggesting that in Rat-1 cells SRF inhibited rather than promoted the serum stimulation of Per1 expression. We thus evaluated whether the Per2 gene fragment containing the SRF binding site could act as an SRF-dependent enhancer when placed upstream of a minimal promoter driving the expression of a luciferase gene. U2OS cells cotransfected with these reporter plasmids were robustly induced by stimulation with CytoD and, to a lesser extent, by rat sera ( Figure S7F treatments were also performed with U2OS cells cotransfected with a pool of SRF-targeting siRNAs ( Figure S7G ). In SRF-depleted cells, the expression of this reporter was no longer responsive to CytoD, demonstrating that SRF plays an important role in the serum responsiveness of the examined Per2 element.
To evaluate the impact of SRF depletion on cellular oscillator function and synchronization, we establish a stably transduced U2OS cell line expressing a luciferase under the control of the circadian Bmal1 promoter. As shown in Figure 7E , SRF is dispensable for core clock function but required for the full response of the Bmal1 promoter to serum synchronization. Moreover, circadian Bmal1-luciferase expression was less well synchronized after an antiphasic serum shock ( Figure 7E ), as the bioluminescence oscillations rapidly dampened in the absence of SRF.
DISCUSSION
In peripheral organs, the cyclic expression of clock-related genes can be driven either by local oscillators or by systemic cues (Kornmann et al., 2007b) such as blood-borne factors (Guo et al., 2005) . In an effort to identify pathways involved in the systemic regulation of gene expression in peripheral cell types by blood-borne factors, we developed the STAR-PROM screening technology. This technique resulted in the identification of SRF as a transcription factor whose activity is regulated in a rhythmic fashion. We demonstrated that SRF displays nearly antiphasic induction profiles in response to temporally staged human plasma and rat serum samples, suggesting that it is employed for the system-regulated diurnal gene expression in both diurnal humans and nocturnal rodents. Using drugs affecting actin polymerization and siRNAs targeting the MRTF coactivators, we demonstrated that the diurnal activation of SRF in response to temporally staged rat serum and human plasma samples was modulated by the Rho-actin-MRTF pathway. Before stimulation, MRTFs shuttle continuously through the nucleus but are predominantly cytoplasmic as a result of rapid G-actin-dependent re-export from the nucleus. After serum addition, G-actin is polymerized into F-actin, and the efficiency of nuclear export is greatly reduced, allowing MRTFs to accumulate in the nucleus, where they trigger SRF-dependent transcription (Miralles et al., 2003; Vartiainen et al., 2007) . The nuclear translocation of MRTF-B in mouse liver was diurnal, with a phase similar to that of the rat serum induction profile established in cell culture. Stimulation of SRF via MRTF cofactors involves the activation of members of the Rho GTPase family, such as RhoA, Rac1, or Cdc42, which in turn promote actin polymerization (Olson and Nordheim, 2010; Posern and Treisman, 2006) . Indeed, actin dynamics displayed large daily fluctuation in liver. Thus, although total actin levels remained constant, G-and F-actin oscillated in an antiphasic daily manner. In addition, in hepatocytes, F-actin was organized in coarse structures at ZT0, and the size of these cells was increased at this time. Circadian changes in hepatocyte morphology, cell size, and liver weight after the same phase as the one we observed here for F-actin formation were previously described for rat hepatocytes (Díaz-Muñ oz et al., 2010; Kast et al., 1988; Uchiyama, 1990) . We also noticed dramatic daily changes in F-actin content in the spleen, suggesting that actin dynamics oscillates in multiple tissues. Interestingly, phagocytosis, an actin-dependent process (May and Machesky, 2001) , is also under circadian control. For example, basal phagocytosis, phagocytic response, and adherence of rat and mouse neutrophils are rhythmically controlled by the SCN (Hriscu, 2004) . In addition to its well-characterized roles in cell motility, cell division, vesicle and organelle trafficking, and cell shape (Pollard and Cooper, 2009) , actin is likely to participate in relaying SCN-driven timing cues to gene expression in peripheral tissues. In support of our observations, genome-wide transcriptome-profiling studies revealed that many actin cytoskeleton regulators are also under the control of the circadian clock (Bailey et al., 2004; Kornmann et al., 2007b; McCarthy et al., 2007; Sukumaran et al., 2011) . Actin dynamics have been reported to regulate transcription factors other than SRF, such as p53, NF-kB, and YY1 (de Lanerolle and Serebryannyy, 2011; Olson and Nordheim, 2010) , and it remains possible that these might also contribute to the regulation of system-driven circadian gene expression.
Among the system-driven genes whose expression displays daily oscillations despite arrested liver oscillators (Kornmann et al., 2007a) , Per2 is expected to play an important role in the synchronization of hepatocyte oscillators. While the precise molecular mechanisms responsible for system-driven Per2 transcription are not yet entirely clear, the identification of binding sites for SRF in the Per2 gene, the impact of SRF on Per2 expression in cultured cells, and the rhythmic binding of MRTF-B to the Per2 CArG box suggest that SRF participates in this process.
In conclusion, our study presents evidence for a diurnal signaling pathway governing system-regulated gene expression in peripheral tissues ( Figure 7F ). In this pathway, cyclically active blood-borne factors elicit daily oscillations in actin polymerization. This leads to the rhythmic activation of MRTF coactivators and, as a consequence, to the diurnal transcription of SRF target genes. Given the numerous functions of actin and actinbinding proteins in intracellular Ca 2+ availability (Lange and Gartzke, 2006) and transcriptional and posttranscriptional regulatory mechanisms (Zheng et al., 2009) , diurnal actin dynamics may affect several additional signaling pathways relevant for circadian gene expression. 
EXPERIMENTAL PROCEDURES Institutional Review Board Approvals
The withdrawal of blood samples from the human subjects was approved by the Ethics Committee of the University Hospital in Lausanne (CHUV), and the experiments involving mice and rats were approved by the Veterinary Office of the Canton of Geneva.
Cell Lines, Transfections, and Treatments with Sera, Plasma, and Drugs Rat-1 and U2OS cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM, GIBCO) supplemented with 5% or 10% fetal bovine serum (FBS, GIBCO) and 1% Penicillin-Streptomycin-Glutamine (PSG, GIBCO Twenty-four hours after transfections, cell culture medium was replaced with serum-free medium, and bioluminescence was recorded in real-time during a 24 hr serum starvation period and for a period of 2-4 days after serum or plasma stimulation. When indicated, serum-starved cells were either stimulated by the addition of rat sera, human plasmas, or 2 mM cytochalasin D (CytoD, Calbiochem), or treated for 30 min with 0.3 mM latrunculin B (LatB, Calbiochem) or 10 mM U0126 (Promega) prior to serum or plasma stimulation.
Rolling Circle Amplification
The circularized oligonucleotides (C-oligo) used to prepare CRE clones and STAR-PROM library clones were 84 nucleotides (nt) in length, 5 0 phosphorylated, and HPLC purified (Sigma). C-oligos and other primers sequences are given in Table S1 . The core sequence of STAR-PROM C-oligos contained a 68 nt random sequence with a ratio of approximately 25% A, T, G, and C at each position. Single-strand circles (ssCircles) were prepared by incubating 28 pmol C-oligo with 84 pmol of splint oligonucleotides in 13 ligase buffer (New England Biolabs) for 5 min at 70 C, followed by a 1 hr incubation at room temperature. Circularized C-oligos were then ligated with 800 U of T4 DNA Ligase (New England Biolabs) in the presence of 1 mM ATP and 10 mM DTT overnight at 16 C. Nucleic acids were extracted with phenol-chloroform and were ethanol precipitated. Ligated ssCircles were resuspended in 40 ml of 10 mM Tris-HCl, 1 mM EDTA (pH 8.0). ssCircles were then incubated for 45 min at 37 C with 0.2 U exonuclease VII/mg DNA (United States Biochemical) and 5 U exonuclease III/mg DNA (New England Biolabs) in 13 ExoIII Buffer (New England Biolabs) in order to remove linear oligonucleotides. The circularized oligos were phenol-chloroform extracted and resuspended in 20 ml of 10 mM Tris-HCl, 1 mM EDTA (pH 8.0). Rolling circle amplifications (RCA) were conducted as described in Wang et al. (2005) with the following modifications: RCA reactions were carried out in a total reaction volume of 50 ml, containing 5 ng ssCircle, 300 mM dNTP, 13 Bst Polymerase Buffer (New England Biolabs), 1.2 mM each of forward primer (P1 ; Table S1 ) and reverse primer (P2; Table S1), 6.4 units of exonuclease-deficient Bst DNA polymerase (New England Biolabs), 4 ng T4 Gene 32 protein (New England Biolabs), and 6% dimethyl sulfoxide. Three additional reactions without Bst DNA polymerase or without forward or reverse primers were also prepared as RCA controls. The mixtures were further incubated for 2 hr at 55 C, extracted with phenol-chloroform, precipitated, and resuspended in 15 ml of 10 mM Tris-HCl, 1 mM EDTA (pH 8.0).
Generation of CRE and STAR-PROM Clones
RCA reactions with 84-mers harboring the CRE and STAR-PROM randommers were digested overnight with NheI and HindIII and loaded on a 1.5% agarose gel to separate multimers according to their sizes. To generate the different CRE clones, we excised gel pieces containing individual DNA fragments corresponding to 1 to 15 repeats (i.e. 1 repeat, 2 repeats, 3 repeats,.15 repeats), purified the DNA fragments from the gel pieces using a Gel extraction Kit (QIAGEN), and inserted them upstream of the minimal promoter of the pGL4.23 plasmid (Promega). For the STAR-PROM library, multimers encompassing 5-12 repeats were extracted and inserted into pGL4.23, and the recombinant DNAs were transformed into XL2-blue E. coli to select for ampicillin-resistant colonies. Digestions, ligations, and transformations were performed according to standard protocols (Sambrook, 2000) . Individual clones were grown in 3 ml LB (Luria broth) for DNA preparation.
STAR-PROM Screening U2OS cells in 24-well black plates were transfected with individual clones in duplicate. After a period of 24 hr serum starvation, cells were stimulated with 5% of a pool of all the times points available for the human subjects (master pool) or with 5% PBS as a control. Clones induced at least 1.5-fold as compared to the PBS control and with half-maximal induction times (t 1/2 ) of less than 4 hr were selected. For the secondary screen, U2OS cells grown in 24-well plates were transfected with selected clones and stimulated in duplicate with plasma pools harvested from the four human subjects at 8:00 a.m., 5:00 p.m., or 11:00 p.m., or with the master pool as a reference. Fold inductions were calculated as the background-subtracted bioluminescence activity at the induction peak, divided by the background-subtracted activity before stimulation.
Fractionation of F-actin and G-actin and Visualization of F-actin in Tissue Sections
Liver G-and F-actin-containing fractions were prepared by differential centrifugation at room temperature essentially according to Fox et al., (1981) . A detailed protocol with all modifications is provided in Extended Experimental Procedures. Actin-containing fractions equivalent to 10 mg of total extracts were separated by SDS-PAGE and analyzed by western blotting with a monoclonal mouse anti-pan-actin antibody (Abcam). F-actin was stained with Phalloidin-TRITC in paraformaldehyde-fixed histological sections from liver and spleen according to the detailed protocol provided in Extended Experimental Procedures.
Chromatin IP and Western Blotting Nuclear extracts were prepared by the NUN procedure (Lavery and Schibler, 1993) . ChIP experiments were performed as described in Esnault and Treisman (unpublished data) using liver chromatin (Ripperger and Schibler, 2006) . SDS-PAGE and immunoblot analysis were performed according to standard protocols. Antibodies used were polyclonal rabbit SRF (Santa Cruz) and goat MRTF-B (Santa Cruz).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and two tables and can be found with this article online at http://dx.doi. org/10.1016/j.cell.2012.12.027.
